We study the splitting of pulsations of the ZZ Ceti (DAV) white dwarf G 117-B15A using 96 h time series photometric data obtained with the Whole Earth Telescope in March 1990. We find that all the modes, except the main, have fine structure, but not according to the predictions of simple rotational or magnetic splitting of non-radial g-mode pulsations. We also revise the time-scale for period change using all the data up to 1995.
Introduction
We report here our study of the star G 117-B15A, also called RY LMi and WD 0921+354, one of the hottest of the pulsating white dwarfs with hydrogen atmospheres, the DAV or ZZ Ceti stars (McGraw 1979) . McGraw & Robinson (1976) found the star was variable, and Kepler et al. (1982) studied its light curve and found 6 pulsations. The dominant mode is at 215 s, it has a fractional amplitude of 22 mma and is stable in amplitude and phase. The other, smaller pulsation modes vary in amplitude from night to night. Because the DAVs appear to be normal stars, except for their variability (Robinson 1979 , Bergeron et al. 1995 , it is likely that the DAV structural properties are representative of all DA white dwarfs.
The rate of change of a pulsation period is directly related to the evolutionary timescale of a white dwarf, allowing us to directly infer the age of a white dwarf since its formation. We have been working since 1975 to measure the rate of period change with time (= P) for the P = 215 s periodicity of G117-B15A, and our most recent determination is P = (1.2 ± 2.9) x 10 -15 s/s, which includes all high-speed photometric data obtained from 1975 through 1995 . Kepler (1984 demonstrated that the light curve of G 117-B15A is due to non-radial g-mode pulsations. The angular dependence of these non-radial pulsations are represented by spherical harmonics
L(k,£,m,t) = L* r /im (M) e i£r (M,m)', (i)
where L is the luminosity (or flux) variation at time (t), LQ is the time independent mode amplitude and crk,e,m is the pulsation frequency of a single mode with indices (A:,£,m) (Cox 1980 , Unno et al. 1989 ). For a non-rotating, non-magnetic star, all the m modes with same I and k are degenerate, i.e., they have the same pulsation frequency. The effect of rotational splitting was last studied by Brassard et al. (1989) , and the effect of magnetic splitting was last studied by Jones et al. (1989) . To first order, rotation splits a (k,£,m) mode into (2£ + 1) subcomponents, with the frequency splitting proportional to mil, where Q. is the rotation frequency. A weak magnetic field splits the mode into (£ + 1) subcomponents, with the frequency splitting proportional to m 2 B 2 . Robinson et al. (1995) show the main pulsation at P = 215 s is an I = 1 mode and derive T e ff = 12 375 ± 125 K. Given these constraints, they use the models of Brassard et al. (1992) and Bradley (1993) to infer a surface hydrogen layer mass 1.0 x 10~6 -8 x 1O" 5 M 0 . Koester et al. (1994) use HST faint object spectrograph (FOS) spectra to derive T eff = 12 250 ± 125 K, and log g = 8.10 ± 0.15, implying a mass of 0.67 ± 0.08 MQ . Bergeron et al. (1995) use high S/N optical and UV spectra to derive T e ff = 11 620 and log <7 = 7.97; the evolutionary models of Wood (1995) with thick hydrogen layers yield a stellar mass of M^ = 0.59 MQ . The apparent disagreement in parameters is a result of their different assumed convective efficiencies; when both use the same convective efficiency, both get the same result within their errors.
Observations
We obtained 96 h of high speed photometry in March 1990, using either two-star (Nather 1973) or three-star (Vauclair et al. 1987 ) photometers on telescopes with sizes ranging from 0.6 m to 3.6 m in diameter, distributed globally in longitude to obtain as nearly continuous observations as possible. Our duty cycle was a rather poor 36 % during the week G 117-B15A was the main target due to globally poor weather conditions. The Journal of Observations for the Whole Earth Telescope data is in Table 1 . We obtain all observations with unfiltered light to maximize the signal-to-noise (S/N) because G 117-B15A is faint (V = 15.52, Eggen & Greenstein 1965) , and also because the nonradial g-mode light variations have the same phase in all colors .
The Observatoire de Haute Provence and Canada-France-Hawaii telescopes have 3-channel photometers, so they measure the sky brightness continuously with one channel, a second channel continuously measures a comparison star to detect transparency variations, and the primary channel monitors the program star. The other sites use nearly identical two-channel photometers; they interrupt the ob-servations at approximately 40 minutes intervals to measure the sky brightness with both channels. We use the comparison star to measure transparency variations and discard any non-photometric data.
As part of our long term campaign to measure the rate of period change of the dominant 215.2 s mode, we have additional data from the 2.1 m telescope at McDonald Observatory through March 1995.
Data reduction
We reduce and analyze the data in the way described by Nather et al. (1990) and Kepler (1993) . We bring all the data to the same fractional amplitude scale and the times to the uniform Barycentric Julian Dynamical Date (BJDD) scale. We compute Fourier transforms for each individual run and verify that the main pulsation at 215 s dominates each data set and has a stable amplitude. We always detect the pulsations at 304 s and 270 s, but only the CFHT data has high enough signal-to-noise ratio to detect the three smallest pulsations in individual light curves. Next, we construct a Fourier transform of the total WET data set and analyze it to see if any additional pulsation modes are present and search for fine structure splittings. Kepler et al. (1991) describe the previous phase stability results of the dominant pulsation at 215 s for all of the data through the 1990 March WET run. Here we update this analysis with additional data through 1995.
Time scale for period change
The dominant pulsation mode at P = 215 s has a stable frequency and amplitude since our first observations in 1975, allowing us to calculate the time of maximum for each new run and look for phase deviations due to evolutionary cooling. We do this by fitting our observed time of maximum light to the equation:
where A E 0 = T°a x -T^a x and A P = P-P t=T^. From our data through 1995, we obtain a new value for the epoch of maximum, T£ ax = 244 2397.917509 BJDD ± 0.6 s, a new value for the period, P = 215.1973898 ± 0.0000009 s, and most important, a rate of period change of: P = (1.2 ±2.9) x 10 -15 s/s.
In Fig. 1 , we show the 0 -C timings and our best fit curve through the data.
Epoch (10* cycles) We use linear least squares to make our fit, with each point weighted inversely proportional to the uncertainty in the time of maxima for each individual run squared. We quadratically add an additional 1.8 s of uncertainty to the time of maxima for each night to account for external effects (see below). Our quoted uncertainty for P is larger than the error given by our sinusoidal least squares fit, because the least squares fit assumes the data noise is uncorrelated, which is not the case.
Analysis
Due to aliasing, i.e., sidelobe peaks in the Fourier transform caused by gaps in the data, not all peaks present in the transform arise from real modes. We search for peaks in the Fourier transform by two complementary ways. The first is a differential technique, called pre-whitening or iterative sine wave fitting. We model each peak as a sinusoid with the appropriate phase and amplitude; at each iteration, we subtract the dominant mode from the light curve. We then take a new Fourier transform of the subtracted data set, identify the new dominant peak, and repeat the process. The best period, amplitude and phase of each of the pulsations is obtained by least squares fit of a sinusoid to the data set created after subtraction of the previous sinusoids. This technique suffers from the fact that we do not subtract any noise associated with a mode. As a result, we wind up looking for successively smaller peaks in a constant amplitude noise "forest".
The second way is an integral technique, which consists of constructing a simulated light curve that has the same sampling as our data set. Again, we simulate each component mode with a sinusoid that has the correct amplitude and phase. We then compare the Fourier transform of our simulated light curve with the Fourier transform of the real data. This technique does not suffer from noise effects, but the fit may not be unique, especially for low amplitude peaks that can be confused with noise peaks. For the modes we report in this paper, we use both techniques independently to maximize our chance of reliably detecting all of the small amplitude pulsation modes. Our final results contain only peaks we find with both techniques. Table 2 lists the mode periods, amplitudes, their measurement uncertainties, and an estimate of how certain we are of the reality of a given peak. Fig. 2 . Fourier spectra of the WET data set. The dashed line represents the 1/1000 false alarm probability line. et al. (1982) show that while the amplitude and phase of the 215 s pulsation are stable within observational errors, the amplitude of the other 5 peaks varies from night to night. Here, we study each region in detail.
Results

Kepler
The 215 s region
We find two low probability peaks near the main peak at 215.2 s (see Table 2 ). Assuming they are real, we look at their possible effect on the amplitude and phase of the dominant peak. For illustrative purposes, we consider the beating of two pulsations with unequal amplitudes AQ and A\, where AQ has at least twice the amplitude of AI. The amplitude of the combined pulsation varies from (AQ + A\) to (Ao -Ai), while the phase ($) of the combined pulsation varies around the phase of the largest amplitude pulsation by:
If we assume that one of the two smaller observed peaks is real and beats with the 215 s mode, it will make the amplitude of the 215 s peak vary by up to 10 % and cause a phase (time of maximum) change of up to 1.8 s, with a beat period of 0.8 days. Through similar calculations, we find that if both small amplitude peaks are real, they will create amplitude changes of up to 20 % and phase changes of up to 3.6 s with a beat period of 2.1 days. We consider the reality of these two pulsations to be uncertain, because the noise level in this portion of the Fourier transform after we remove all three peaks is 0.7 mma, only 2.2cr (in power) below the two small peaks. We have circumstantial evidence suggesting that there may be low amplitude modes near the 215 s peak; the low amplitude and relatively high noise level require that we confirm our frequency and amplitude values with better data. We suspect there are low amplitude peaks in this region because the amplitude variations of up to 20 % are seen in the 215 s pulsation mode, which Kepler et al. (1982 Kepler et al. ( , 1990 show in their Table 1 . Small peaks will also cause non-random phase shifts that could explain the "noise" in the O -C diagram. Our quoted frequencies imply a beat period of about 2 days, which means their effect on the phase drift in the overall O -C diagram is negligible. It can increase the error in the time of maximum, creating a "band" of O -C points instead of narrow line. If this is the case, the formal error for P may be overestimated and the estimated error for the P value of Kepler et al. (1991) is dominated by this non-random scattering.
The 304 s region
The Fourier transform near 304 s shows two significant peaks; one is at 304.05 s, with an amplitude of 6.9 mma, and another at 305.30 s, with an amplitude of 2.4 mma. The beat period of these two peaks is 0.86 days, similar to the 0.83 day beat period between the peaks at 215.2 s and the putative closest companion at 214.3 s. After subtracting the 304 and 305 s peaks, we find 3 peaks with amplitudes on the order of 0.8 mma. Given their low significance and the lack of any obvious pattern to their frequency spacings, we cannot consider these peaks as real without confirmatory data.
The 270 s region
The largest peak in this region is at 270.455 s, which is consistent (within the errors) with the 271 s period of Kepler et al. (1982) . The amplitude of this peak is 5.5 mma, similar to that of the 304 s mode. There is a significant peak at 269.7 s, with an amplitude of 1.2 mma, but it lies at the same frequency as an alias peak, which it probably is. There are three moderately significant peaks in this region of modest significance that have amplitudes near 1 mma, which we list in Table 2 . There may be fine structure present here, but we need higher S/N data to determine it.
The 119 s, 107 s and 125 s regions
The frequency of the main peak at 199.836 s matches the sum of the frequencies of the 215.2 and 270.5 s peaks, which implies it is not an independent pulsation mode. All of the other peaks in this region have frequencies consistent with the spectral window pattern, so we do not regard them as significant.
The dominant peak in the 107 s region lies at 107.600 s, half the period of the dominant peak. This strongly suggests we have the harmonic of the 215.2 s peak, although there are other peaks of moderate significance that do not fit the harmonic pattern if they are real. There axe two mutually exclusive possibilities for the next largest peak, which we list in Table 2 ; without additional confirming data, we cannot choose one over the other. The peaks in the 125 s region are the smallest real peaks in the transform and their frequencies are similar to the sum of the frequencies of the 215 and 304 s peaks. A closer look shows things are not that simple. The largest amplitude peak best matches the frequency sum of the low confidence 214.3 s peak and and the 304 s peak, while a smaller peak at 125.847 s matches the frequency sum of the 215.2 s and 304 s peaks. Finally, there is another peak at 126.0 s, giving us an equally spaced triplet here that has splittings near 10.5 ¿¿Hz. The 10.5 ¿/Hz split is troubling, because it is the same as one of the prominent aliases. Thus, this region may actually have only one peak and two aliases, but without better S/N data, we cannot tell.
Discussion
Our analysis of the previously known regions of power show they probably have a multiplet structure, although several of them have small enough amplitudes to require confirmatory data before we can accept them as real. The three highest frequency peaks are what we call "combination frequency peaks", whose frequencies are sums of the three larger amplitude peaks. Brassard et al. (1993) elaborate on this idea, and they match the amplitudes of CFHT data subset quite well with an inclination angle ~ 60° and suitable amplitudes for the surface temperature waves. If the low amplitude fine structure peaks are real, then we find instances where the amplitudes of the combination frequency peaks do not scale as the amplitude of their constituent frequencies; this is especially true for the 125 s region. Winget et al. (1994) also find harmonics that are smaller than several combination frequency peaks in the DBV star GD 358, so this is not a unique phenomenon. Based on these results, observing G 117-B15A with the WET using large (^2 m) telescopes would be vital for confirming the reality of several peaks we report and provide stringent tests of the Brassard et al. model.
Even when we consider both the data sets obtained at the CFHT 3.6 m telescope (during the WET run) and the average Fourier transform of all the data (including CFHT), we find no evidence for any pulsation modes other than those reported in Kepler et al. (1982) . However, examining the FT the WET data set and the complete data set from 1975 reveals several extra peaks below 1 mma that may be significant (see Table 3 ). All of these peaks are above 15.8 < P > and have False Alarm Probabilities of less than 1/1000 (Kepler 1993). Two of these peaks (at 79.47 s and 736.60 s) coincide with combination frequency peaks predicted by the Brassard et al. (1993) model. In particular, the 736.60 s peak matches the frequency difference between the 215.2 and 304.05 s peaks, while the 79.47 s peak corresponds to twice the 215.2 s peak frequency summed with the 304.05 s peak frequency. However, we cannot find the other peaks predicted by Brassard et al. (1993) above the noise level of our data.
The small number of modes present in G 117-B15A is in stark contrast to the more than 10 5 p-modes excited in the Sun, and considerably less than the 120 g-modes identified in the light curve of the pre-white dwarf PG1159-035 by Winget et al. (1991) . Part of the explanation lies with G 117-B15A being near the hot edge of the DAY instability strip, so only a few modes can be driven effec-tively. However, something must either be picking out certain modes of more than one i value, or all three modes are 1=1 and something suppresses the visibility of I = 2 and higher modes. At present, we only know that the 215 s mode has I = 1 (Robinson et al. 1995) , but Brassard et al. (1993) and others assume that the other two modes are most likely t = 1, mainly for simplicity. At present, our fine structure frequency splitting information is sparse enough (or uncertain enough) that we cannot use it to derive additional constraints on the t values of the 270 and 304 s modes. 
Total data set
To study the constancy of the modes and their frequency splittings, we calculate the Fourier transform of the total data set, which includes all data from 1975 to the present. Due to the long time baseline of the total data set, the resolution (1/Ttotai) is very high, and we must compute the Fourier transform with this resolution to accurately locate all of the peaks. The total Fourier transform is a monster with more than 10 8 frequency points; therefore, we cannot display the Fourier transform conveniently. Also, the gaps present in the total data set make the spectral window much more complex than WET spectral window. The frequencies of the significant peaks are the same within measurement errors, but their amplitudes are different. The complex window pattern of the total data set makes it difficult to extract exact amplitudes, but we present our best estimates in Table 4 . Based on these results, the 215.2 s peak has a 10 % greater amplitude, while the 304.05 s peak has a 10 % smaller amplitude. The amplitude of the 270.4 s mode is essentially unchanged. The amplitude of the 119 s peak drops by about 30 %, the opposite of what we would expect from the increased amplitude of the 215.2 s peak. On the other hand, the 107.6 s peak has a 20 % greater amplitude, which is consistent with the increase in amplitude of the 215.2 s mode. This, and the amplitude behavior of the other combination frequency peaks will provide interesting constraints on the temperature amplitude of the pulsations and how they are driven when the requisite theory is in place. For now, they serve as teasers telling us what we have yet to learn.
Interpretation
Our main goal here is to see if we can place any further constraints on the hydrogen layer mass than Robinson et al. (1995) ; they place an upper of about 10 _6 M* by assuming the 215 s £ = 1 mode has k = 1. Fontaine & Brassard (1994) mention a structure for G 117-B15A which has a hydrogen layer mass of 1.3 x 10 a helium layer mass of 2.5 x 10 -3 AT*, and a stellar mass of 0.60 MQ. Based on their hydrogen layer mass, we infer they use k -1 for the 215 s mode. This assumption gives the least massive hydrogen layer possible. Here, we compare our results to predictions from theoretical pulsation studies of DA white dwarf models to see what constraints we can place on the structure of G 117-B15A. Brassard et al. (1992a,b) and Bradley (1993 Bradley ( , 1995 present periods derived from the most up to date models, so we use their tables. Before starting our model fitting exercise, we discuss the effective temperatures, surface gravities, and parallax values we use to constrain our acceptable models and double-check some model parameters. Bergeron et al. (1995) present the latest results, and their preferred values are T e ff = 11 620 K, log g -7.97, and 7r = 0."0105 ± 0.0042. The small trigonometric parallax and its relatively large error suggest it may be of limited use for constraining the luminosity. Robinson et al. (1995) and Koester et al. (1994) derive T e ff values closer to 12 300 K; the hotter temperature is due to the greater convective efficiency. Here we adopt 11 600 K as a reference temperature, but with explanation how a shift to 12 300 K affects our fits. Also, we use 0.60 MQ models, because these have log</ values near 8.0 dex.
Here, we give a couple of example fits to the observed G 117-B15A periods rather than try all possible fits to derive rigorous limits on the uncertainties in the model fit. For our first example, we assume the 215 s mode has k = 2 and that the other two modes also have i = 1. At 0.60 MQ, we find acceptable fits for models with Mr « 5 x 10 -5 M* and a 40:60 C/O core extending out to 0.75 M*. Slight adjustments of the oxygen mass fraction in the core or the hydrogen layer mass would give us equally good fits at 12 300 K. These models give surface gravities of 8.00, very close to the observed value. At 11 600 K, our models have a luminosity of ~ 0.0027 2)0, which implies a parallax of 0."0180, about 2a larger than the latest trigonometric parallax value.
When we consider the 215 s mode to be the k = 1 mode, we find models similar to those mentioned by Fontaine Brassard (1994) to fit the observed periods. For T e ff = 11 600 K our best fit hydrogen layer mass is.about 2 x 10 -6 ili*. These models also have luminosities about 60 % of what the trigonometric parallax indicates; the seismological parallax in this case is 0."0185.
We could invoke more luminous models to remove the parallax discrepancy, but it would take a 12 300 K, 0.50 MQ model to do so. We consider this to be an unlikely solution, because several methods we mention below yield a mass value closer to 0.60 MQ. Wegner & Reid (1991) quote a gravitational redshift mass of (0.58 ± 0.07) MQ, which is much closer to our seismological value and the spectroscopic mass than the mass implied by the latest trigonometric parallax value. Under these circumstances, we feel it vital to somehow re-determine the trigonometric parallax with greater accuracy to determine which result is in error.
To make further progress, we must confirm the reality of our tentative peaks. Doing so should help us determine the fine structure splitting present in the main modes, which would help tie down the mode identification of the 270 and 304 s modes. Alternatively, a more extensive set of UV observations like those of Robinson et al. (1995) would constrain the i values; this project requires enough high signalto-noise UV data to reliably resolve the 270 and 304 s modes from the dominant 215 s mode. At present, HST is the only facility available for this job, and it may be difficult to obtain the continuous hours of data needed. Our best hope is to conduct another WET campaign, with larger telescopes, and try to obtain a better duty cycle.
